Hydrogen adsorption promoted perpendicular magnetic anisotropy in nano-structured Fe coverage on Pd/W{112} faceting surface Instead of the high cost in using electron beam lithography, a self-organized approach has been widely utilized to be a promising method. Magnetic materials deposited on a nanoscale self-organized template usually bring about many interesting magnetic properties, and provide the possibility of modulating magnetic behavior in nanomaterials. 3, 4 In contrast to the general 2-dimensional nano-templates, the 3-sided pyramids formed in the reconstruction of W(111), named faceting surface, provide another 3-dimensional nano-template for magnetic materials. Previous studies show that Pd can be used to induce the faceting of W(111) and the size of 3-sided pyramids ranges from several to tens of nanometers, depending on the annealing process. [5] [6] [7] Pd is also one of the extensively studied materials for hydrogen storage and gas sensor, because of its high efficiency in catalyzing hydrogen dissociation. 8 Thus, the nano-scale faceted Pd/ W(111) surface is an unexplored functional template either from magnetism's and metal-hydride's point of view. To avoid confusion with Pd films deposited on the planar W(111) surface that has not been annealed to induce faceting, we will denote the faceted surface as Pd/W{112} in the rest of this paper, as the exposed facets are of {112} orientation. Besides, tungsten-based devices have been extensively studied and applied in spin detector and single atom tip, due to the high thermal stability of tungsten. 9 [13] [14] [15] However the preparation of a magnetic nano-pyramid on the tip point is still challenging, and the study of the related magnetic properties is lacking. This leads us to the investigation of magnetic coverage on the Pd/W{112} faceting surface. We first address the magnitude of the temperature window in which the meta-stable faceted structure can remain unchanged and then the magnetic properties are exhibited. In contrast to other comparative systems, the perpendicular magnetic anisotropy in the nano-structured Fe film coverage on Pd/W{112} faceting surface is significantly enhanced by hydrogen adsorption.
The experiment was in situ carried out in a multifunctional ultrahigh vacuum (UHV) chamber with a base pressure of 2 Â 10 À10 Torr. 16 After cycles of oxygen dosing and flashing to $2000 K, a clean and well-ordered W(111) surface was prepared. The planar Pd/W(111) was obtained by deposition of Pd on W(111) at 105 K. The faceted Pd/ W{112} was obtained by annealing the planar Pd/W(111) at 800-1000 K for 10 min. Throughout the text, we use physical monolayer (PML) for the coverage unit. One PML is defined as 3 pseudomorphic atomic layers, because 3 pseudomorphic atomic layers is the minimum coverage for the full covering of a bare W(111) surface. 6 Fe deposition onto the Pd/W{112} was performed with the sample held at 105 K. Temperature programmed Auger (TPA) 17 was used to monitor the evolution of the element composition in real time during annealing. The surface morphology was deduced from the low energy electron diffraction (LEED) patterns. Bonding between elements and calibration of coverage was examined by temperature programmed desorption (TPD). Inplane and perpendicular magneto optical Kerr effects (MOKEs) were measured at various sample temperature and under various vacuum conditions, such as the UHV base pressure of 2 Â 10 À10 Torr or the hydrogen gas pressure of 2 Â 10 À7 Torr at 105 K. For Fe deposition on Pd/W{112} surface, the first question is whether the Fe coverage will destablize the facets? It is particularly important for the future application of spinpolarized single atom tip. The LEED patterns of 2 PML Fe on Pd/W{112} were taken at 105 K after being annealed at Fig. 1(a) . At 110 eV incident energy, the LEED patterns were characterized by clover like triplet of spots which originated from the three-side {112} pyramid on the faceted surface. The facets sustained until 500 K, with the brightness and positions of LEED spots nearly unchanged, indicating the invariant morphology and structure. After annealing to temperature higher than 700 K, the 3-fold LEED spots were getting dimmer and gradually replaced by (111) 1 Â 1 spots. Thus, we can conclude that the facets of 2 PML Fe on Pd/W{112} are thermodynamically meta-stable until $400 K. In order to probe the evolution of the surface composition during thermal annealing, TPA electron spectroscopy measurements were performed, with some typical results shown in Fig. 1(b) . The TPA signals of Fe, Pd, and W were simultaneously recorded while the sample temperature was increased at 4 K/s. The red and blue spectra indicate the TPA results of 1.7 and 2.6 PML Fe deposited on Pd/ W{112}, respectively. Two transition temperatures can be observed. Above 400 K, Fe signals decreased slowly and meanwhile Pd signal increased slightly. For Pd/W{112} surface, most of the exposed surface area was covered by a one-PML Pd and the surplus Pd agglomerated into 3-d Pd islands. We postulate that the small change in the TPA signal of Pd is due to exchange of the Pd and Fe that lands right on top of these Pd 3-d islands. Another dramatic change occurs above 700 K. We suggest that this is due to the formation and agglomeration of the Fe alloy, which not only reduces the Fe signal but also causes the W signal to increase due to reduced shielding. Combining the results of LEED patterns and TPA measurements we can conclude that for 2.0 PML Fe deposited on Pd/W{112}, the surface morphology, crystalline structure and element composition changed very little below 400 K. Correspondingly, the study of magnetism was carried out under this condition.
The magnetic behaviors of Fe coverage on Pd/W{112} strongly depend on the vacuum condition and growth temperature. In general, deposition at room temperature usually causes increasing of the surface roughness and intermixing of multilayers because of the high mobility of the deposited atoms. For the Fe deposition at 300 K, with coverage less than 3 PML, neither hysteresis loops nor LEED spots were recorded in our measurements even after cooling down to 105 K. The room-temperature grown Fe coverage on Pd/ W{112} might result in quite different surface morphology from that of low-temperature (LT) grown Fe. Therefore, we choose to deposit Fe at 105 K since the smoothest and flattest morphology is produced by LT growth followed by annealing at room temperature. When deposition is carried out at such low temperature, the inter-diffusion between Pd and Fe is greatly suppressed. This may (1) minimize intermixing of Pd and Fe, i.e., alloying and (2) prevent Fe from forming 3-d islands. The effects of gas adsorption on the magnetic coercivity (H C ) under the following vacuum conditions have been investigated, as shown in Fig. 2: (1) UHV chamber filled with the H 2 gas pressure of 2 Â 10 À7 Torr, (2) at the UHV base pressure of 2 Â 10 À10 Torr, and (3) UHV chamber filled with the CO gas pressure of 2 Â 10 À7 Torr. Even at the UHV base pressure of 2 Â 10 À10 Torr, H C increased to almost 7 times of the initial value after 100 min. When exposed to pure H 2 at the gas pressure of 2 Â 10 À7 Torr, the coercivity increased much faster than under UHV base pressure. Exposure to CO at the gas pressure of 2 Â 10 À7 Torr 2013) incurred no change of coercivity. These comparative studies evidenced that the perpendicular H C -enhancement originated from H 2 -adsorption. In Fig. 3 , the as-deposited Fe coverage exhibited perpendicular anisotropy when the thickness ranged from 1.3 PML to 1.9 PML. This can be attributed to the contribution of surface anisotropy. The 1.3-1.9 PML Fe revealed a small coercivity within 50 Oe. The easy axis switched to in-plane direction when Fe thickness is larger than 2 PML. However, the H 2 adsorbed Fe coverage exhibited only perpendicular anisotropy when Fe thickness <2.8 PML, as shown in Fig. 3 . The perpendicular coercivity increased with increasing Fe thickness and reached a maximum of 270 Oe for 1.9 PML Fe, followed by the decrease of coercivity with increasing Fe thickness until 2.7 PML. When Fe thickness >2.8 PML, the H 2 adsorption no longer sustained the easy axis in perpendicular direction and flips back to in-plane direction. As a result, for 1.3-2.0 PML Fe deposited on Pd/W{112}, the H 2 adsorption significantly enhanced the perpendicular coercivity and anisotropy up to 6-7 times. For 2.1 PML < Fe thickness < 2.8 PML, the H 2 adsorption not only caused switching of the easy axis from in-plane to perpendicular direction but also enhanced the magnetic coercivity and anisotropy.
For the investigation of how the H 2 adsorption and desorption affect the magnetic properties, a sequence of MOKE measurements under temperature cycling was performed, and the results are summarized in Fig. 4 . After the sample surface was fully adsorbed with H 2 , i.e., coercivity reached the maximum value, we increased the sample temperature and recorded the magnetic hysteresis loops with a step of temperature variation DT ¼ 10 K. As shown in Fig.  4(a) , during the temperature increasing in the UHV base pressure of 2 Â 10 À10 Torr, the adsorbed H 2 gradually left the surface of Fe, which then resulted in the reduction of remanence during the cooling down process. Our TPD measurement revealed the maximum desorption rate of H 2 at $300 K, as shown in the inset of Fig. 4(b) . This indicates when temperature is approaching 300 K, the desorption rate of H 2 is much larger than that at 105 K. As we cooled down the sample, the H 2 adsorbed on the surface of Fe again and the remanence returned back to initial value at 105 K. The second and third cycles followed the same pattern but the Curie temperature (T C ) was reduced to 245 K, as shown in Fig. 4(a) . This might be due to the slight morphology change in the repeatedly temperature cycling. To suppress the H 2 desorption during temperature cycling, we dosed pure H 2 up to a base pressure of 2 Â 10 À7 Torr and repeated the temperature cycling measurements. In Fig. 4(b) , the difference in remanence between heating up and cooling down was greatly reduced because the 2 Â 10 À7 Torr H 2 gas pressure provided more adsorption to compensate the desorption during annealing. Nonetheless, T C measured under 2 Â 10 À7 Torr H 2 is the same as T C measured in the UHV base pressure of 2 Â 10 À10 Torr. The larger H 2 pressure did not enhance the T C . We suggest that even though the exposure to H 2 is capable to greatly suppress the Kerr remanence reduction under temperature cycling, the bonding between H 2 and the sample surface at temperature close to 300 K is weak and easily broken. As a result, T C still located at about 265 K. In order to understand why H 2 adsorption significantly affects the magnetic behavior of Fe on Pd/W{112} faceted surface, some control experiments are performed with another W(111) crystal, as shown in Fig. 5 . H 2 adsorption effect on H C is investigated for 1.9 PML Fe deposited on planar Pd/W(111), faceted surface formed by annealing at 2013) 800 K, and faceted surface formed by annealing at 1000 K. The LEED images reveal clear difference between the 1 Â 1 structure for planar Pd/W(111), and clear three-fold spots for both faceted surfaces. In previous report of Liao et al., 1000 K-annealed Pd/W{112} surface reveals sharper LEED spots, indicating larger average facet size relative to 800-K results. 7 In Fig. 5 , the H 2 induced H C enhancement is similar for 800 and 1000 K-faceted surface, implying that the facet size seems insignificant. No H C enhancement is observed for the planar surface, indicating the significant role played by the faceted surface. The dominant mechanism can be correlated to either the exposed (112) surface orientation or the geometry of 3-sided pyramids, since the Pd/W{112} faceted surface is composed of both.
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Based on the phenomenological N eel-type model, as considering the lowest term, the perpendicular magnetic anisotropy can be described as E a ¼ K eff Á sin 2 h, where h is the angle between the surface normal and the magnetization direction. 18 From the condition of minimum energy E a , the magnetization prefers the perpendicular (in-plane) direction if K eff > 0 (<0). Thus, spin reorientation transition (SRT) happens when K eff changes signs and we can get the SRT critical thickness d c by solving K eff ¼ 0. K eff includes contributions from surface/interface and volume of thin films, which are named the surface/interface anisotropy K s and the volume anisotropy K v , as shown in the following:
d stands for the film thickness. The volume anisotropy K v contains the crystalline anisotropy K cry , magnetoelastic anisotropy K me , and shape anisotropy K shape . For continuous thin films, the shape anisotropy ¼ À2pM 2 . M denotes the magnetic moment density. In the previous study on Ni/ Cu(100), H 2 is shown to be useful for reversible control of magnetic anisotropy. 19, 20 Such effect is correlated to the strained crystalline structure of Ni, which can be modified by H 2 adsorption, because of the sensitive mganetoelastic effect in Ni films. However in the case of Fe, because the magnetostrictive constant of Fe is at least 5 times smaller than Ni, the magnetoelastic anisotropy K me plays a minor role as compared with K shape ¼ À2pM 2 . 21 With the negligible crystalline anisotropy K cry of Fe, the K eff of Fe coverage is simplified as
The SRT critical thickness d c is determined by the surface anisotropy K s and shape anisotropy by solving K eff ¼ 0.
With the d c shown in Fig. 3 and Fe magnetization M ¼ 2:4 l B =atom, we can deduce the surface anisotropy K s ¼ 0.96 and 1.34 meV/atom for Fe coverage on Pd/W{112} before and after hydrogen exposure, respectively. 16, 18, 22 The hydrogen exposure enhances the perpendicular surface anisotropy by 40%. However, it is hard to tell whether the enhancement originates from Fe surface or Fe/Pd interface. The effect of H 2 adsorption on the magnetism of Fe/Ag(111) (Ref. 23 ) and Co/Cu(110) (Ref. 24) has been reported but is much less prominent compared to the Fe/Pd/W{112} system. The efficiency of H 2 adsorption on the various surfaces with different elements and different orientations needs to be considered. In our preliminary study, the Fe/Pd/W{112} surface is more attractive to H 2 as compared with Fe/Pd/W(111), Pd/ W{112}, etc. Since Pd has been widely reported as an efficient catalyst for hydrogen dissociation and absorption, the possible hydrogen diffusion to the Fe/Pd interface might also play an important role. 8 Besides, the first order model of magnetic anisotropy is proposed here for the discussion of the physical origins in the hydrogen absorption effect on magnetism. However, the SRT actually occurred within a thickness range, not at a single transition thickness. Concerning the more realistic interpretation and simulation of SRT, the high order terms of magnetic anisotropy need to be considered. In reports of Millev et al., the anisotropy-flow concept can be applied for the detailed description of the thickness-dependent SRT, especially the intermediate states during SRT. 25, 26 Further studies and analysis are needed for the clarification of the details.
In summary, nano-structured Fe coverage grown on Pd/ W{112} faceting surface remained stable up to at least 400 K, and exhibited the perpendicular to in-plane SRT with increasing thickness. H 2 adsorption on Fe/faceted-Pd/ W{112} surface not only shifted the SRT critical thickness to higher coverage but also significantly enhanced the perpendicular anisotropy and coercivity. H 2 partial pressure also influenced the magnetic behaviors, especially under temperature cycling due to the hydrogen thermal desorption and re-adsorption. These results demonstrated the sensitive modulation of magnetic anisotropy in Fe-coated Pd/W{112} faceting surface and are valuable for applications.
